Purpose Paediatric cervical spine injuries are fortunately a rare entity. However, they do have the potential for devastating neurological sequelae with lifelong impact on the patient and their family. Thus, management ought to be exceptional from the initial evaluation at the scene of the injury, through to definitive management and rehabilitation. Methods We set out to review cervical spine injuries in children and advise on current best practice with regards to management. Results Epidemiology, initial management at the scene of injury, radiological findings and pitfalls of cervical spine trauma are outlined. Strategies for conservative and surgical management are detailed depending on the pattern of injury. The management of spinal cord injuries without radiological abnormality (SCIWORA) and cranio-cervical arterial injuries is also reviewed. Conclusions Due to a paucity of evidence in these rare conditions, expert opinion is necessary to guide best practice management and to ensure the best chance of a good outcome for the injured child.
Introduction
Although cervical spine trauma in children is fortunately relatively infrequent, the potential biopsychosocial effects on the individual, family and wider society may be huge. Therefore, a good understanding of the underlying mechanisms, characteristic patterns and differences between managing adults and children with these potentially devastating injuries is imperative if management is to be effective.
Epidemiology
One of the largest epidemiological studies of trauma in children in the USA assessed the National Pediatric Trauma Registry over a consecutive 10-year period and identified that from 75,172 injured children, only 1.5% had a cervical spine injury (1098 patients) [1] . The study found that upper cervical spine injuries were prevalent among all age groups (42% in those aged ≤ 8 years; 58%, aged > 8 years), whereas lower cervical spine injuries were more common in older children (85% occurring in those aged > 8 years) [1] . Indeed, younger children often sustain injuries in the upper portion of the cervical spine because the relative size of the head compared to the rest of the body is greater in this age group. As the child grows, this pattern evolves into that more commonly seen in adults, where injury to the lower cervical spine is far more common. Mortality was 33% in those with an upper cervical spine injury, versus 8.3% in lower cervical spine injury [1] . As with adults, males show a greater propensity to suffering cervical spine injury than females, at a ratio of 1.5-2.1:1 [2] .
Blunt trauma is the commonest cause of cervical spine injury, attributing to 95% of injuries, commonly as a result of motor vehicle accidents (61%). Of these incidents, 68.9% were passengers in the motor vehicle, 22.9% were pedestrians and 8.2% were bicycling when the accident occurred [1] . Falls were a greater cause of injury in the younger group (18% in those aged ≤ 8 years; 11%, aged > 8 years) [1] . Sports related injuries were far more common in the older group (3% in those aged ≤ 8 years; 20%, aged > 8 years) [1] . The possibility of non-accidental injury should always be considered by the attending clinician, especially in the younger age group.
In neonates, it is estimated that one in 60,000 births are complicated by spinal cord injury [3] . Maternal risk factors include a small pelvis, obesity, diabetes and primiparity [4] . Risk factors related to the foetus include abnormal position of the neonate during delivery, prolonged delivery, the use of forceps to aid delivery and shoulder dystocia. Brachial plexus injury is far more common than spinal injury and can affect the upper (C5/6) or lower (C7/T1) nerves causing Erb's or Klumpke's palsy, respectively. Although fortunately rare, damage to the cervical spine itself can lead to respiratory compromise (due to paralysis of the respiratory musculature and/or phrenic nerve injury) and hypotonia with a flaccid paraplegia or quadriplegia [4] . Indeed, this may prove fatal [5] .
Anatomical differences in children
One of the most important differences between the vertebral column of children and adults is its intrinsic elastic properties. This elasticity may cause immediate self-reduction following dislocation during injury. This may be partly responsible for the often-normal bony alignment when radiography and computed tomography (CT) are performed upon initial work-up. In fact, children are more likely to suffer ligamentous damage than adults and the syndrome of spinal cord injury without radiological abnormality (SCIWORA) has been coined to classify these types of non-bony injuries where no injury is found on X Ray/CT scans [6] . Indeed, spinal cord injury occurs in approximately 35% of cervical spine injury and approximately half of these cases demonstrate no radiological sign of bony injury [1] .
The inherent elasticity of the cervical spine is, in part, due to the shallow and horizontally oriented facet joints which allow increased range of flexion and extension. Moreover, ligaments can stretch farther without suffering damage. Hook-shaped uncinate processes from C3 to T1 act to prevent spondylolisthesis and limit lateral flexion in the adult. However, these are underdeveloped in the child and so render the cervical spine more flexible. Supporting musculature is also underdeveloped and this may represent another important factor. The larger head in relation to the body acts to increase moment force through the upper cervical spine and increases the risk of injury at the fulcrum, which lies at C2-3 in infants. As the child grows, the fulcrum descends to the adult position at C5-6 [7] .
Initial management principles
The Advanced Trauma Life Support (ATLS®) principles apply to immediate management of a child with cervical spinal injury. Immobilisation in a neutral position should be performed at the scene of the accident and this is maintained until the child can be fully assessed in the emergency department. Immobilisation prevents the scenario in which instability is initially overlooked and neurological deficit progresses during transfer of the child as a result. Traditionally, as per adults, children with suspected cervical spine injuries have been placed on a spinal board and a rigid cervical collar applied, with sandbags or blocks either side of the head and tape to secure and immobilise the head [8] . However, rigid collars often fit children poorly, especially in the very young. Moreover, children may be agitated and in pain, making application of the collar difficult and potentially dangerous. The safest approach is a pragmatic one, allowing the child to find a comfortable position and providing manual in-line stabilisation initially. If a properly sized collar can be safely fitted, then this is appropriate at this stage; if not, then simply maintaining a neutral or comfortable position with blocks/rolled up towels placed either side of the head and tape to secure them in place is appropriate. This approach has been advocated by NICE and the advanced paediatric life support course [9, 10] . It is important to also be aware that a cervical collar may potentiate atlanto-occipital distraction and worsen neurological injury in such cases. Therefore, if this pattern of injury is suspected then sandbags and tape only should be used [11] . As the young child's head is proportionally much larger in comparison to his/her body when compared to an adult, when lying flat on a spinal board the head is forced into a slight degree of flexion. Therefore, an occipital recess or thoracic elevation may be necessary to counteract this effect [12] .
Damage to the cervical spine should be considered in the presence of suspicious injury, unconsciousness, torticollis, rigidity of the cervical musculature, significant neck pain, or neurological signs/symptoms that may be either transient or permanent (radiculopathy/myelopathy depending on pattern of injury). Children are less likely to suffer from neurological injury than adults in the presence of trauma, and incomplete spinal cord injuries (SCI) are more common (75% incomplete versus 25% complete) [1] . Complete spinal cord injury, with loss of motor and sensory function below the level of injury, is often irreversible and leads to devastating consequences.
If a spinal cord injury is present, damage is termed primary or secondary. Primary injury is sustained at the time of trauma due to mechanical insult and is irreversible. Secondary injury is sustained after the incident and one of the greatest contributors to this is cord hypoperfusion. Thus, preventing hypotension to prevent cord ischaemia is paramount during the resuscitation phase. Appropriate organ support in an intensive/high dependency care setting is mandatory in the subsequent phase of management. A detailed examination must be performed so that patients with SCI can be stratified as per the American Spinal Injury Association (ASIA) impairment scale to properly determine the extent of the injury (http://asiaspina linju ry.org/wp-conte nt/uploa ds/2016/02/Inter natio nal_Stds_Diagr am_Works heet.pdf).
Neuroprotective therapies have been sought in an attempt to prevent secondary damage in acute SCI, which is thought to be (in part) caused by cord oedema and inflammatory processes consequent to the initial injury. The use of methylprednisolone has been particularly controversial. It was popularised following the publication of the National Acute Spinal Cord Injury Surveys (NASCIS) II and III in the 1990s, which showed a beneficial effect in SCI if given within 8 h of injury [13, 14] . However, these studies only assessed patients over 13 years of age. Moreover, since publication of this data, re-analysis and other studies have demonstrated that the adverse effects of steroids may outweigh any benefit [15] . Based on this, the Congress of Neurological Surgeons changed their stance on this subject in their most recent guidelines (2013), stating that methylprednisolone should not be used routinely in spinal cord injuries [16] . Other authors have challenged this stance, stating that the current evidence available can be used neither recommend, nor to refute the use of methylprednisolone [17] . They state that the decision should be made on a case-by-case basis, and advocate that methylprednisolone may be especially effective in cervical spinal cord injuries undergoing decompression [17] . This ongoing controversy highlights the need for further high quality randomised control trials to further assess the clinical use of steroids in spinal cord injuries. GM-1 ganglioside, an anti-excitotoxic compound, was another drug that showed promise in early studies; however, a large multicentre randomised control trial showed no difference in neurological outcome and so again, current guidelines do not recommend its use [16, 18] . Hypothermia has also been used to mitigate the effects of inflammation on the spinal cord with promising improvements in neurological outcome in animal and small human studies. Nevertheless, there remains a need for high quality evidence to determine whether the benefits will outweigh the risks of this therapy [19] . Further research continues desperately to elucidate a potential therapy that might improve the long-term prognosis in spinal cord injuries.
With regard to surgical intervention, decompression attempts to reduce secondary damage following SCI that is attributable to oedema and ischaemia. Experimental studies have shown beneficial effects in outcomes of in vivo animal models of SCI. Decompression is usually performed alongside stabilisation in patients with incomplete SCIs with extrinsic compression. The timing of surgical intervention is controversial, with a paucity of level I evidence. Whilst theoretical and experimental animal studies suggest early intervention would benefit, clinical studies have yet to prove this. Current expert opinion suggests the optimal time-frame for operative intervention is 8-24 h [20] . Such early intervention allows shorter periods of hospitalisation and earlier mobilisation, which may reduce the morbidity associated with prolonged bed-rest and hastens the commencement of post-injury rehabilitation.
Clearing the cervical spine and principles of imaging

Plain radiography
Vicellio et al. performed a prospective study assessing over 3000 children with cervical spine injury using the NEXUS criteria ( Table 1 ) that had previously been established for use in adults for clinical clearance of the potentially injured cervical spine [21, 22] . All children received three-view radiography. It was identified that if the child did not exhibit any of the five NEXUS criteria, then they did not have a cervical spine fracture [21] . However, only 2.8% of children in this study were under 2 years old and this group are the most difficult to assess in the emergency department [2] .
The congress of neurological surgeons [23] advise that there is level II evidence stating that children older than 3 years should not be imaged if: alert, neurologically intact, without posterior midline cervical tenderness (with no distracting pain), not hypotensive without explanation and are not intoxicated. In children younger than three, Level II evidence states that children should not be imaged if: GCS > 13, Table 1 NEXUS 5 point criteria [21, 22] Midline tenderness Intoxication Altered level of alertness (inc. intubation) Focal neurological deficit Painful distracting injury neurologically intact, without posterior midline cervical tenderness (with no distracting pain), not hypotensive without explanation, are not intoxicated and were not confirmed/ suspected to have been involved in one of the following scenarios (motor vehicle accident, fall > 10 feet, non-accidental trauma). If these criteria are not all met then radiographic or CT imaging of the cervical spine is necessary.
Controversy remains as to which is the best imaging modality in the context of trauma to the cervical spine. Whilst cervical radiography is not as sensitive as CT imaging, it delivers a much lower dose of radiation and so offers a safer initial test. Garton & Hammer applied the NEXUS criteria to 190 children treated with cervical spine injury, and determined 75% sensitivity in children younger than 8 and 93% sensitivity in those older than eight with plain radiography [24] . Another study showed that antero-posterior and lateral radiography have a 87% sensitivity for children less than 9 years of age, and addition of the odontoid peg view (which is often difficult to achieve technically) does not aid in diagnosis [25] .
Flexion-extension radiography helps to determine the stability of the cervical spine. However, these cannot be performed in children with acute neurological deficits and are not feasible in children with cervical muscle spasm postinjury. Therefore, they play little role in the acute setting and a reserved for assessing patients on follow-up after treatment of cervical spine injures to assess for delayed instability. During follow-up of cervical spine injuries, flexion/ extension radiography can assist the decision making as to whether it is safe to start to wean the patient off of an external orthosis. Imaging should only be performed by trained radiographic practitioners and only on the request of a spinal surgeon.
Computed tomography (CT)
In Garton & Hammer's study, CT exhibited a 94 and a 97% sensitivity in children younger/older than eight years, respectively [24] . Whilst CT scanning also has a much better specificity for identifying cervical spine injuries, many clinicians are rightly cautious in their use of CT scanning in the paediatric population due to the long-term risks of ionising radiation [26] . Indeed, the congress of neurological surgeons [23] advises that the only level I evidence in children is that any patient with potential atlanto-occipital dislocation requires a CT scan. Otherwise, all other recommendations are based on level II-IV evidence.
The National Institute for Health and Care Excellence (NICE) have advised CT scanning of the cervical spine within 1 h of identification of one of the following risk factors: GCS < 13 on admission, if intubated, focal neurological signs, paraesthesia in the upper/lower limbs, if there is strong clinical suspicion of injury despite normal radiographs, if radiography is technically difficult/inadequate or if radiographs identify a significant bony injury [27] . NICE also advise CT if a definitive diagnosis of cervical spine injury is needed urgently (for example, before surgery) [27] . If these factors are not identified, radiography should be performed within 1 h if safe assessment of range of neck movement cannot be made or a dangerous mechanism of injury is present (fall from a height of greater than 1 m or 5 stairs; axial load to the head, for example, diving; high-speed motor vehicle collision; rollover motor accident; ejection from a motor vehicle; accident involving motorised recreational vehicles; bicycle collision) [27] .
Magnetic resonance imaging (MRI)
Magnetic resonance imaging is the best imaging modality and allows assessment for ligamentous damage, which may be missed on CT scanning. It is particularly useful in the obtunded or non-verbal child and when the cervical spine cannot be cleared within 72 h [26] . However, MRI is time-consuming and may not be appropriate in the unstable patient during the initial resuscitation phase. It is also costly and may not available out of hours, necessitating patient transfer to a tertiary centre. Younger children may also need to be anaesthetised to lie still for the duration of the scan and prevent motion artefact. The age at which a child can tolerate an MRI without an anaesthetic depends on a number of factors including: maturity, injury severity, radiographic staff experience with children, time in the scanner and MRI bore size. It also depends on whether it is just the cervical spine that is being imaged, or whether head imaging is also required. Nonetheless, it remains the gold standard for identifying cervical spine injuries.
Pitfalls in imaging of the paediatric cervical spine
Normal variants in imaging of the child's cervical spine may be confused for pathology. Moreover, there are key differences to assessment of cervical spine imaging in the adult patient. Although beyond the scope of the article to review all of these differences in detail, we highlight some of the important features. A good understanding of the embryology and paediatric cervical spine anatomy is necessary and early consultation with a specialist radiologist is a vital part of management of these children.
Prevertebral soft tissue thickening indicates injury in adults, but may occur during expiration or flexion of the neck in children and is especially prominent in the crying child [28] . If repeat radiography when the child settles is impossible then CT may be necessary.
Loss of cervical lordosis is an often-normal variant in children but may also result from cervical musculature spasm. The ossified portions of the cervical vertebrae are more spherical at birth and with age develop into their rectangular adult shape. Thus, young children may have a normal 'wedge-appearance' mimicking anterior wedge fractures seen in adults [29] .
Moreover, measurements used for radiological diagnosis in adults are different in children due to anatomical differences described above. For example, the atlantodental interval (ADI), used to determine atlanto-occipital dislocation, is > 3 mm in adults and > 5 mm in children.
Pseudosubluxation (especially at C2-3) may be noted on imaging due to the elasticity of the cervical spine (Fig. 1) . The amount of subluxation is usually < 2 mm. The spinolaminar line should not be disrupted. Also the Swischuk line (drawn from the anterior aspect of the posterior arches of C1 down to C3) should be assessed. The line is usually < 1 mm anterior to the posterior arch of C2 and if the line is > 2 mm from that anterior aspect of the arch of C2 then pseudosubluxation is unlikely and assessment for dislocation should be performed (MRI is particularly useful here in determining ligamentous injury) [26] .
Synchondroses (the temporary epiphyseal growth plates that allow development of bony structures between ossification centres) may be mistaken for fractures on imaging ( Fig. 2a-c) . The location and appearance of synchondroses are predictable, and in most cases are symmetrical. It can be helpful to review imaging from a patient of a similar age to help determine normal anatomy. However, fractures may occur through synchondroses. When they do, they tend to fuse well and reduction and external immobilisation is the recommended treatment. Internal surgical fixation is attempted only if the fracture persists despite conservative treatment.
Specific cervical spine injury patterns
Atlanto-occipital dislocation (AOD)
This highly unstable pattern of injury is caused by high mechanical forces mostly seen during motor vehicle accidents [30] . Historically, it was thought that AOD was very infrequent and that those patients with AOD died at the scene due to the severity of this injury. However, more and more patients are surviving with this injury pattern due to improved awareness and initial care.
AOD is three times more common in children than adults due to the relatively large head and other anatomical differences [31, 32] . The joint capsule and surrounding ligaments at this articulation are looser in younger children. Moreover, the C1 arch is small, and the overlying foramen magnum is large and so translation of the occipital condyle across the lateral masses of C1 occurs with trauma and may lead to AOD [31, 32] .
Neurological impairment is common, with 80% of patients having an abnormal neurological examination at the time of presentation [33] . However, difficulty arises as patients may present with subtle symptoms or may even be asymptomatic [31, 32] . High cervical cord injuries can lead to flaccid paralysis, sensory abnormalities, respiratory insufficiency/arrest, priapism, bowel/bladder incontinence and neurogenic shock.
Untreated, 54% of patients with AOD go on to develop permanent neurological deficit and 15% die [34] . Early stabilisation prevents associated morbidity and mortality [32] . CT imaging should be the initial imaging modality in the context of trauma as it will delineate any bony injury and other injuries sustained in the high-impact mechanism of injury ( Fig. 3a, b ). MRI scan should be performed subsequently to detect soft tissue/ligamentous injury, to further evaluate any neurological deficit and to plan treatment of the unstable injury. If the patient is unconscious and clinical evaluation is not possible then an MRI should be done within 48 h [35] . Horn et al. assessed outcomes of 33 patients with AOD and stratified patients into two groups based on imaging ( Table 2 ) [36] .
Expert opinion regarding the management of AOD is contentious, largely due to a paucity of evidence as a result of its rarity. In grade 2 injuries, there is disruption of the normal ligamentous architecture of the occipito-cervical articulation, and external fixation will most likely not achieve healing. Thus, internal fixation, by occipito-cervical fixation and fusion, is generally accepted as being mandatory to achieve stability. If this is not possible initially, then a halo device can be applied in the interim. This initial external fixation prevents potential neurological worsening secondary to instability. Traction should be avoided during application of the halo device as it has been associated with a 10% risk of neurological deterioration [34] . Grade 2 injuries require post-operative imaging (usually CT) to assess for position of metalwork applied during internal fixation and to assess for any potential complications. In cases of grade 1 AOD, a trial period of 12 weeks of external orthosis with a Halo vest can be sufficient to allow healing. Following 12 weeks of immobilisation, grade 1 injuries should undergo repeat imaging to determine whether it is safe to trial removal of the external orthosis. Dynamic flexion/extension imaging is useful in ensuring no gross instability upon removal of immobilisation. Some children may require surgical fixation if satisfactory fusion is not achieved with conservative management.
Atlanto-axial dislocation
This involves disarticulation between C1 and C2 (the atlantoaxial joint), leading to instability. The atlanto-axial joint is a Abnormal Grossly abnormal findings in the joint/ligaments complex structure comprised of three articulations: paired lateral joints that connect the lateral masses of C1-2 and a medial joint connecting the anterior and posterior aspect of the odontoid process (dens) of C2 to the anterior arch and the transverse atlantal ligament (TAL) of C1, respectively. The fibrous capsules of these joints are thin and thus almost the entirety of the atlanto-axial joint complex is supported by surrounding ligaments. The TAL runs from one lateral mass of the atlas across the posterior aspect of the odontoid peg (dens) to the contralateral lateral mass of the atlas. The ligament prevents anterior dislocation. Alar ligaments provide additional support by tethering the odontoid peg to the occiput. Trauma may result in damage to the TAL and thus dislocation of the C1-2 joint.
Whilst CT imaging may suggest disruption of the TAL by demonstration of bony injury at insertion sites on the lateral masses of C1, MRI is necessary to determine the integrity of the TAL. If the TAL itself is torn then surgical fixation is necessary as healing is unlikely. More commonly, if the lateral mass of C1 is fractured and the TAL is thus disrupted from the body of C1 a halo can be fitted in the first instance as 74% of these injuries heal without need for surgical intervention [37, 38] .
Axial fractures
Pure odontoid fractures are different in children compared to adults. The developing C2 vertebra consists of five ossification centres separated by six synchondroses. These synchondroses close between the ages of 7 and 13.5 years [39] . In young children, odontoid peg fractures usually occur through the synchondrosis between the C2 body and the peg. Synchondrosal fractures have been classified based on their pattern by Rusin et al. and usually heal well with external fixation [39] . Once the synchondroses have closed, injuries can be classified as per adults, using the Anderson and D'Alonzo classification [2] .
The Anderson-D'Alonzo classification [1974] divided odontoid peg fractures into three types: odontoid tip fracture (type I), base of odontoid tip fracture (type II) and a fracture extending through the body of C2 and disrupting the odontoid from its base (type III). Type II fractures can lead to atlanto-axial dislocation [40] . Treatment is with the halo vest if type I or III, as these are relatively stable. Type II fractures are treated in the same way if the dens is displaced less than 5 mm. If more displaced, surgical intervention may be necessary either by odontoid screw fixation or fusion of the atlanto-axial joint.
Neurological deficit after odontoid fracture is uncommon [2] . If they occur in isolation, odontoid peg fractures heal well when managed conservatively; however, if concomitant atlanto-axial dislocation is present then internal fixation is necessary [2] .
Os odontoideum is a rare abnormality characterised by a separation of a portion of the odontoid process from the remaining part associated with the body of the axis (Fig. 4a, b) . It may in fact be caused by an occult traumatic fracture in childhood. It can be termed orthotopic if in the usual position of the normal odontoid peg, or dystopic if abnormally located [41] . Trauma can lead to compression of the os odontoideum against the spinal cord and this condition predisposes to atlanto-axial dislocation due to the truncated odontoid peg, over which the transverse ligament may slip during trauma [40] . Operative intervention is indicated in the presence of neurological signs/ symptoms, pain, if there is progressive instability of the 
Atlanto-axial rotary fixation (AARF)
Atlanto-axial rotary fixation can present with complete limitation in the ability to rotate the neck or with the socalled 'cock-robin' deformity (fixed rotation of the neck and contralateral flexion). AARF may occur in the context of minor trauma, following an upper respiratory tract infection or spontaneously. The shallow articulation of the C1-2 lateral masses and the highly elastic supporting ligamentous structures predispose children to this injury. Typically, the ipsilateral sternocleidomastoid is in spasm, which contrasts to the contralateral spasm seen in torticollis that is not due to AARF (e.g. acquired benign paroxysmal torticollis, cervical lymphadenitis, cervical spine/cord tumours, and posterior fossa tumours).
Traumatic mechanisms of injury are more likely to cause damage to the ligamentous support system of the C1-C2 complex, with a greater degree of anterior/posterior dislocation and thus greater propensity towards neurological deficit. Occipital neuralgia may also be caused as the greater occipital nerve is impinged by the subluxed vertebrae. Plain radiography is difficult to assess due to the abnormal neck posture. Lateral view may show one lateral mass to be more anterior to its counterpart [42] . The odontoid view may show asymmetry of the lateral masses but achieving this view is technically difficult [42] . CT is preferable as it is the most sensitive investigation for demonstration of rotation of the atlas over the axis and as it may show associated fractures that are difficult to appreciate on the plain radiographs ( Fig. 5a, b) [42] . Assessment of the atlanto-occipital joint is also achieved and can demonstrate instability here that potentiates the instability at C1-C2 [42] . MRI is useful in assessing for ligamentous injury and spinal cord contusions but is not as sensitive as CT scanning for initial diagnosis. Spontaneous reduction is not uncommon and patients should be managed conservatively with gentle reduction followed by external immobilisation, as functional outcome is excellent [43, 44] . Internal posterior fixation of C1-2 is reserved for those with neurological deficit, significant instability with ligamentous injury, recurrent dislocations or those that respond poorly to conservative management [23] .
Subaxial injuries
Injuries to the subaxial vertebra can include vertebral body fractures, subluxations, dislocation of facet joints and fractures of the laminar/pedicular/spinous processes. Subaxial injuries in the paediatric population are predominantly seen in older children. The injury patterns in children are similar to those of adults because after the age of eight, the subaxial cervical spine is well developed and resembles that of an adult. In these patients, the most commonly affected region is the C5-7 because the fulcrum has descended from the higher position it has in infancy [2, 45] . Treatment of such fractures is similar to adults and may involve use of a halo device or internal fixation. Subaxial fractures in younger children may often be managed with a cervical collar alone, depending on injury type, stability and whether neurological deficit is present [45] .
SCIWORA
This syndrome was first described by Pang et al. in [6] as "objective signs of myelopathy resulting from trauma, with no evidence of ligamentous injury or fractures on plain radiographs or tomographic studies". Advances in radiology have since found that upon performing MRI, soft tissue injuries are identified, including: ligamentous damage, disc herniation, small end-plate fractures and splitting of the hypervascular growth zone from the vertebral end-plate. Some patients with features of SCIWORA have very subtle findings on MRI and indeed the extent of injury on MRI often correlates with prognosis ( Fig. 6 ).
SCIWORA is more common in younger children and tends to occur in the upper cervical spine. After the age of 9 it is rarely noted in the upper cervical spine but remains a cause of injury in the lower cervical spinal cord up to the age of 16 [5] . Prognosis is better in the older children with lower cervical spine involvement [5] .
The mechanism involved in this injury pattern is flexion-extension. Flexion can rupture the anterior longitudinal ligament which allows intervertebral displacement that reduces spontaneously due to the elasticity of the structures in children. As such, no abnormality is initially picked up on radiography or computed tomography. Extension causes buckling of the ligamentum flavum, which in turn compresses the spinal cord. The pattern of subsequent spinal cord injury may be complete transection, a partial cord syndrome, a central cord syndrome or a Brown-Séquard syndrome. One systematic review of all paediatric cases of SCIWORA found that of 433 reported cases, 87.2% affected the cervical region [7] . Of these, 263 had sufficient information to determine presenting ASIA score; 69.6% were ASIA D, 7.6% ASIA C, 5.3% ASIA B and 17.5% ASIA A. Those presenting with ASIA A showed no recovery. Those presenting with ASIA B had a 21.4% rate of complete recovery, those presenting with ASIA C had a 35% rate of complete recovery and those presenting with ASIA D had a 97.3% rate of complete recovery [7] . SCIWORA is traditionally treated by external immobilisation for up to 3 months, to allow the tissues to heal. Some authors advocate a shorter period of external immobilisation in cases of SCIWORA that do not involve neural tissue damage on MRI [5] . Children should be encouraged to refrain from activities that may predispose to further trauma to the cervical spine for at least 6 months [46] . On follow-up, repeat imaging should be performed at 3 months or prior to the removal of the cervical collar, This is done by trained practitioners using flexion-extension radiographs to ensure that there are no features of late instability. Repeat magnetic resonance imaging is only necessary in the event of a novel or evolving neurological deficit during flexion/extension imaging or the following removal of the collar.
Definitive management of injury
Owing to its intrinsic elasticity, the cervical spine of a child is more difficult to immobilise than that of an adult. External fixation may be achieved to some degree with a rigid collar. However, some rotation still occurs and full stability, especially in the upper and middle cervical spines, is not achieved. The halo device for external fixation is useful in adults, but in children, the same approach is often problematic. The shallower nature of the child's skull may make pin fixation more prone to complications (e.g. pin site infection, pin loosening, dural penetration, supra-orbital nerve injury and scarring) [47] . Furthermore, the biopsychosocial effect of being confined within the halo system cannot be underestimated. Importantly, the device impairs the child's ability to recover physically and mentally from the injury. The Minerva body jacket obviates the use of pins, negating these potential complications. It has been shown to be as effective as the halo in stabilisation of the mid to lower portion of the cervical spine but is not as effective in stabilising upper cervical spine injuries [48] .
Internal (surgical) fixation is necessary in some cases to provide stability and to protect the spinal cord from damage. Indications include non-reducible deformities, unstable injuries requiring stabilisation, progressive deformity, and decompression of neural structures [5] . Whilst the principles of internal fixation remain the same in adults as in children, there are specific considerations. The potential growth of the spine needs to be taken into consideration as instrumentation can inhibit future growth and affect the curvature of the spine. Growth is driven at the vertebral body endplates in the anterior column of the cervical spine. By 10 years, the cervical vertebrae are near adult size and surgical intervention is less likely to have a significant impact on children as they continue to grow. Post-operatively, children must be carefully followed up to assess for any complications. Longterm follow-up is vital in the younger patients whose spine continues to grow as instrumentation may lead to deformity and hinder normal development.
Associated cranio-cervical arterial injuries
Cranio-cervical arterial dissection (CCAD) can occur in conjunction with injuries sustained to the cervical spine. Although children lack the atherosclerotic changes seen in adults that make vessels vulnerable to CCAD (especially at the carotid bifurcation); the greater head:body proportion, weaker neck musculature and greater reliance on ligamentous (rather than bony) structures predisposes children to a greater risk of post-traumatic CCAD [49] . Indeed, the most mobile segments of the arteries in the neck are at greatest risk and thus CCAD is most often seen in the distal cervical internal carotid artery (just as it enters the skull base) or in the proximal segments of the vertebral arteries. A tear can occur through the intima with sub-intimal haematoma causing stenosis as the false lumen of the dissection encroaches upon the diameter of the true lumen. A breech of the vessel wall underneath the adventitial layer may also lead to development of a pseudoaneurysm. Emboli may be thrown off as a consequence of CCAD/pseudoaneurysm and can cause immediate or late onset transient ischaemic attacks or ischaemic strokes. A Horner's syndrome may also be noted if the sympathetic chain is damaged.
Pandley et al. assessed a series of 42 patients under 25 years old with CCAD and found 81% were secondary to trauma [50] . Cervical spine injuries were noted in 23.5% [50] . CT and MR angiography are both excellent non-invasive methods of assessment of underlying CCAD, with MR being preferable in terms of reducing the risks associated with ionising radiation but CTA being much more rapid in the context of a potentially unstable trauma patient. Radiological characteristics of cranio-cervical arterial injuries include vessel occlusion, stenosis, intimal flaps/double lumen sign and pseudoaneurysm formation.
Management strategies are controversial and complex. There is no high-quality evidence to direct therapy, thus management at present mirrors that of the adult patient. Typically, in asymptomatic cases of CCAD, medical treatment is with an antithrombotic, either aspirin or clopidogrel for 3-6 months as first-line therapy [51] . Further anticoagulation (usually low molecular weight heparin or warfarin) may be considered if symptoms progress. The American Heart Association recommends treating ischaemic strokes secondary to extra-cranial CCAD with 3-6 months of low molecular weight heparin or warfarin [52] . However, these medical therapies increase the risk of de novo haemorrhage and so concomitant injuries (especially intracranial) may prevent such escalation of medical therapy and thus therapy should be tailored to the patient on a case-by-case basis [53] .
Endovascular management of pseudoaneurysms and dissections is evolving. There have been case reports of successful treatment of pseudoaneurysms in both blunt and penetrating trauma to the paediatric cervical spine [51, 54] .
Management in these cases is initially medical, with follow-up imaging (consisting of CTA, MRA and ultrasound) showing enlargement of the pseudoaneurysm that prompted intervention [51, 54] . In the context of an enlarging pseudoaneurysm or progressive narrowing of the diameter of the stenotic vessel, endovascular stenting should be considered. There is no guidance as to the timing and manner of followup following diagnosis of CCAD, but ultrasound and MRA would be the safest modalities in children, with MRA giving much better image quality. In the stable patient in whom neurological examination can be performed, follow-up imaging should be done at 6-8 weeks, with the proviso that any new or progressive neurological deficit should be investigated immediately. In select cases in which there is concomitant traumatic brain injury and either the patient cannot be fully assessed clinically, or it is difficult to determine if a progression in symptoms is attributable to evolution of the cerebral injury or as a consequence of the CCAD, more expedient follow-up may be prudent (i.e. in the first 1-2 weeks). In such a scenario, CTA may be preferable when dealing with a potentially unstable patient being transferred from an intensive care setting.
Conclusion
Injury to the cervical spine can have devastating consequences for a child. Successful management of these children requires an understanding of the differences between the adult and paediatric anatomy and the specific patterns of pathologies that frequently occur in children. Many controversies remain and high quality evidence is required to determine best practice in such cases.
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